Carcinogenesis vol.35 no.8 pp.1680-1690, 2014
doi:10.1093/carcin/bgu134
Advance Access publication June 18, 2014

REVIEW

Caught in the cross fire: p53 in inflammation

Tomer Cooks*, Curtis C.Harris and Moshe Oren'!

Laboratory of Human Carcinogenesis, National Cancer Institute, NIH,
Bethesda, MD 20892-4258, USA and 'Molecular Cell Biology, Weizmann
Institute for Science, Rehovot 76100, Israel

*To whom correspondence should be addressed. Tel: +1 301 402 8773;
Fax: +1 301 496 0497;
Email: tomer.cooks @nih.gov

The p53 transcription factor is a major tumor suppressor, whose
diverse activities serve to ensure genome stability and inhibit
neoplastic processes. In recent years, it is becoming increasingly
clear that p53 also plays a broader role in maintaining cellular
homeostasis, as well as contributing to tissue homeostasis in a
non-cell-autonomous fashion. Chronic inflammation is a poten-
tial cancer-promoting condition, and as such is also within the
radar of p53, which mounts a multifaceted attempt to prevent
the escalation of chronic tissue imbalance into neoplasia. Recent
understanding of the p53 pathway and other family members
reveals a broad interaction with inflammatory elements such as
reactive oxygen and nitrogen species, cytokines, infectious agents
and major immune-regulatory pathways like nuclear factor-kap-
paB. This complex cross talk is highly dependent on p53 status,
as different p53 isoforms and p53 mutants can mediate different
responses and even promote chronic inflammation and associ-
ated cancer, acting in the tumor cells as well as in the stromal and
immune compartments.

The evolution of p53 knowledge: from oncogene to stress-
responsive transcription factor

Since the discovery of p53 more than 30 years ago, the field of p53
research has undergone several major conceptual changes. At first, the
fact that p53 is overexpressed in the majority of tumors led to the con-
jecture that p53 is an oncogene, a notion that seemed to be supported
by the demonstration that cancer-derived pS3 DNA clones exhibited a
variety of transforming activities in vitro and in vivo (reviewed in refs
1,2). However, within a few years, it became evident that although
mutated forms of p53 (which accumulate in cancer cells) can confer
transformed features when overexpressed, the wild-type (WT) p53
actually acts as a tumor suppressor (3, reviewed in refs 4,5).

Further research revealed that pS3 operates primarily as a transcrip-
tional regulator, whose cellular activity is finely tuned by a plethora of
diverse stress signals (4—7). Already very early on, it was demonstrated
that cellular p53 levels are induced by DNA damage and that this
induction serves to arrest the cell cycle, presumably enabling the cells
to attempt a successful resolution of the damage (8,9). Subsequently,
it was shown that pS3 can actually induce a much broader spectrum of
cell fate changes, and in cases of severe damage, it would often favor
the apoptotic execution of the damaged cell or push it into replica-
tive senescence (10—13). The common denominator of practically all
documented activities of p53 is that they prevent the emergence and
persistence of cells with damaged genomes, rightfully earning p53 the
title of ‘guardian of the genome’ (14).
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Being such a cardinal hub for a large multitude of signals, it is
not surprising that p53 is surrounded by a complex molecular weave
composed of multilayered regulators and effectors (15,16). The most
prominent negative regulator of p53 is Mdm2. Mdm?2 is an E3 ubig-
uitin ligase that restricts pS3 levels and functionality in the absence of
stress stimuli but is incapacitated under stress conditions in order to
enable the swift nuclear accumulation and activation of p53 (17). This
interplay is governed by ubiquitylation and involves also the Mdm2-
related Mdmx/Mdm4 protein (17). In reality, however, the picture is
not that simple, since a number of additional E3 ligases have also
been shown to target pS3 and modulate its stability and activity (18).
Furthermore, ubiquitylation is only one of many post-translational
modifications affecting the outcome of p53 induction; others include
phosphorylation, acetylation, lysine methylation, arginine methyla-
tion, sumoylation, neddylation and more, all of which affect gene
expression as part of the cellular machinery sensing a stress signal
and dispatching a specific message to the p53 protein (19). Excitingly,
subsequent years of p53 research have seen the rise of a richer palette
of cellular processes governed by this transcription factor (13,20).
What began as a straightforward sensing of DNA damage and alarm-
ing the cell to respond appropriately eventually became a central hub
converting a comprehensive range of signals into a context-adjusted
transcriptional profile. In recent years, the multifaceted involvement
of p53 in the regulation of cellular metabolism has been receiving
growing attention (21-24).

For instance, WT p53 can restrict glucose uptake, inhibit glycoly-
sis and favor mitochondrial oxidative phosphorylation, all of which
counteract the tumor-associated ‘Warburg effect’ (22). pS3 can also
promote cell death in response to severe or prolonged endoplasmic
reticulum stress that involves excessive accumulation of misfolded
proteins (25,26). Furthermore, the involvement of p53 in autophagy
is unquestionable, even though its exact impact on that process is
still controversial. Thus, p53 has been reported to either induce
autophagy or inhibit it, probably depending on its subcellular location
(27,28). Most probably, p53 can regulate autophagy in many context-
dependent ways, the common denominator being that it enables more
effective and more dynamic adaptation to changing environmental
conditions (29). Another example of the expanding biological port-
folio of p53 is its role in embryonic development and differentiation
control, where p53 was shown to maintain the differentiated state and
restrain dedifferentiation (30,31) since lower p53 protein levels gave
rise to higher reprogramming efficiency of somatic cells into induced
pluripotent stem cells (32).

Together, all the long known as well as recently discovered func-
tions of p53 have a central common denominator: p53 exploits its
entire biochemical repertoire to preserve cellular homeostasis, pre-
venting the escalation of chronic imbalance into neoplastic trans-
formation of the cell. Transcriptional activation and transcriptional
repression, as well as direct protein—protein interactions, are all
pS53 modes of action striving to protect the cell from being chan-
neled toward a course that endangers the organism’s well-being
(33).

One of the most profound conditions that have been increasingly
linked to stress-promoting carcinogenesis is the chronic inflamma-
tory response (34,35). In essence, the attempt of the host tissue to
respond to harmful stimuli such as irritation and pathogens might
be swayed into a chronic state leading to constant stress and through
it to derangement of normal tissue homeostasis and to cancer. This
review will discuss the roles that pS3 plays in addressing such stress.
We will particularly focus on the interactions of the WTp53 tumor
suppressor, as well as of cancer-derived mutant p53 isoforms and
pS3 family members, with different elements of the inflammatory
ensemble.

1680


mailto:tomer.cooks@nih.gov?subject=

Cancer-associated inflammation

Inflammation is highly conserved throughout evolution (36) and serves as
a first line of defense of the host against injury and infection. When man-
aged properly, the inflammatory arm has the power to execute an acute
outburst in response to toxins, irritants, pathogens and chemicals, orches-
trating an arsenal of effectors fighting to return the tissue to its original
state. Yet, it is the chronic exposure of the tissue to inflammation that
interrupts this delicate balance, resulting in greater damage to the host.

The acute inflammatory phase is generally initiated by the activa-
tion of tissue-resident sentinel cells, such as macrophages and den-
dritic cells that, once stimulated, rapidly secrete a set of cytokines and
chemokines as well as additional soluble effectors such as vasoactive
peptides and specific lipids (37-39). As a result, vascular permeability
is increased and additional innate immune cells like neutrophils are
recruited to the site, where they assist in the phagocytosis of bacteria
and dead host cells while secreting bactericidal agents. The transition
from such acute to chronic phase involves the adaptive immune system
as antigen presenting cells traffic to lymphoid tissues. The subsequent
wave of antigen-specific effector T cells infiltrating the site of inflam-
mation produces cytokines such as interferon (IFN)-y and interleukin
(IL)-17, which enhance the activation of phagocytic cells along with
bactericidal effects that prolong their inflammatory functions. Once
this process is compromised, it might lead to an imbalance and result
in an overly inflamed tissue. Of note, a chronic response might arise
also in the absence of an acute trigger and has the potential to persist
for years, slowly accumulating and gradually smoldering the tissue.

The contribution of inflammation to tumorigenesis might be grossly
divided into two main categories, where the first is associated with the
initiation of the cancerous process, whereas the second impacts can-
cer progression. Conditions of chronic inflammation leading to can-
cer could be attributed to infectious pathogens (Helicobacter pylori in
colorectal cancer, hepatitis B or C viruses in liver cancer), imbalanced
immune regulation (inflammatory bowel disease in colorectal cancer),
chemical irritants (tobacco smoke or asbestos in lung cancer) and even
dietary habits (obesity in liver cancer) (40-43). A single epithelial cell
sustaining several mutational hits may acquire selective advantages,
allowing it to prosper due to hyperproliferative capabilities or evasion
of cell death. In the inflammatory microenvironment, the propensity
of such mutations to accumulate in the genome of transformed cells
increases due to their exposure to a constant flux of reactive oxygen
and nitrogen species (ROS and RNS), produced by activated immune
cells (44,45). ROS and RNS are thought to induce genomic insta-
bility mainly by modifying the C8 position of guanine to form the
highly mutagenic 7,8-dihydro-8-oxoguanine and also by contributing
to single- and double-strand breaks (46,47). These mechanisms are
added to the solid evidence for the link between preceding inflamma-
tion and subsequent carcinogenesis. Such correlation is provided by
the numerous pathologies associating chronic inflammation with an
increased risk for cancer development.

In addition to its role in tumor initiation, chronic inflammation
may be exploited by the cancer cells to remodel their immediate
microenvironment, favoring the tumor’s ability to prosper. Cancer
cells express and secrete an array of tumor-promoting cytokines and
chemokines that summon specific leukocytes; the latter cells, in turn,
secrete additional effectors. Thus, the tumor as a ‘foreign’ tissue takes
advantage of wound-healing features exerted by specific subtypes of
immune cells, nourishing and contributing to tumor maintenance. For
example, after an initial growth stage, many solid tumors suffer from
lack of blood supply and are in need of angiogenic support. The newly
recruited inflammatory cells will not only provide a consistent supply
of growth factors but will also secrete neoangiogenic agents, allow-
ing the vascular network to catch up with the growth of the malignant
tissue (48-50).

Oncogenic mechanisms in chronic inflammation

For a cancer cell to become an invading and metastasizing tumor, it
has to rely on a sequence of genetic and epigenetic alterations that
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will promote its ability to escape inhibition by tumor suppressors like
p53, evade surveillance by the immune system and overcome physical
barriers. Putting powerful oncogenes in the driver’s seat is, therefore,
crucial for malignant progression. Some of those oncogenic altera-
tions were reported to become hyperactive upon prolonged exposure
to an inflammatory microenvironment. For instance, patients with
chronic pancreatitis have an over 10-fold increased risk of developing
pancreatic cancer, a cancer characterized by a very high rate of muta-
tions in the K-Ras oncogene. It was shown that although pancreatic
acinar cells are intrinsically highly refractory to K-Ras-induced trans-
formation, they will readily yield pancreatic intraepithelial neopla-
sias and ductal adenocarcinomas when exposed to limited periods of
non-acute pancreatitis (51). Interestingly, these inflammatory condi-
tions were found to promote neoplastic transformation by suppressing
K-Ras-induced senescence (51). Such interactions may also be gov-
erned by a feedback loop involving nuclear factor-kappaB (NF-kB),
which, in turn, increases K-Ras to pathological levels (52). Another
wide-scale mechanism affected by chronic exposure to inflammation
involves the mismatch repair machinery. Pelvic inflammatory disease
is associated with an increased risk of epithelial ovarian cancer by
inducing mismatch repair abnormalities, manifested by decreased
expression of human mutL homolog 1 and human mutS homolog 2
proteins (53). This mechanism is extremely prominent in colorectal
cancer, where microsatellite instability resulting from defects in the
mismatch repair machinery is abundant and considered to be a tumo-
rigenic driving force exacerbated when associated with inflammatory
bowel disease (54,55). An additional oncogenic feature mediated by
the chronically inflamed microenvironment is DNA methylation alter-
ations. DNA methyltransferases such as DNMT1 can be regulated by
viral oncoproteins (56) and are overexpressed in premalignant tissues
overloaded with inflammatory effectors, as reported for peripheral
pancreatic ductal epithelia (57) and lung tissues of non-small cell
lung cancer in smoking patients (58). Furthermore, proinflammatory
cytokines like IL-15 may induce DNA hypermethylation, which pre-
cedes large granular lymphocytic leukemia, by activating an NF-xB-
Myc axis (59).

Epithelial to mesenchymal transition is yet another manner by
which oncogenic mechanisms are manifested under inflammatory
conditions (60). Without a permissive environment, epithelial to mes-
enchymal transition is unlikely to occur even if cancer cells present
aberrant stem cell signaling pathways like Wnt or Notch. Importantly,
transforming growth factor (TGF)-f1 contributes to such epithelial
to mesenchymal transition-permissive tumor microenvironment by
serving as a chemotactic factor for neutrophils and macrophages.
Moreover, TGF-f31 can also affect the protumoral polarization of such
recruited cells once they reside within the tumor, resulting in induc-
tion of tumor-favoring M2-like macrophages, N2-like neutrophils and
a Th2 cell phenotype (61,62).

This tight cross talk between oncogenesis and inflammation is actu-
ally bidirectional. Thus, many oncogenes possess the ability, when
activated, to initiate a signaling cascade resulting in an inflammatory
response in the immediate surroundings of the cells that harbor those
oncogenes. This is exploited by the cancer cells to their selective
advantage. One good example is that of the major proinflammatory
cytokine IL-8, which can be activated by Ras in vitro and in vivo and
can contribute to hyperactive inflammation, neovascularization and
accelerated tumor growth (48). Such tumorigenesis-supporting milieu
can also be provided by other cytokines such as IL-6 and the mouse
IL-8 orthologs KC and MIP-2, all featuring in a Ras-induced secre-
tory phenotype (63,64). Additional oncogenes, including Myc, BRAF
and RET, have also similarly been implicated in induction of proin-
flammatory cytokine and chemokine secretion.

Molecular traits of inflammation-driven cancer

The specific molecular signatures of cancer-promoting inflammation
vary between different body sites and different biological contexts,
depending on the exact nature of the immune cell content and the
secreted effectors. Nevertheless, some common features are often
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encountered. Typically, the response will involve activated general
pathways such as NF-kB, activator protein 1 and signal transducer
and activator of transcription (STAT), taking place in the trans-
formed epithelial cells, immune cells and other stromal components.
Together, these form a tumor-promoting microenvironment that is
largely dependent on the secreted cytokine and chemokine profile
building up in the tissue. The shift from tumoricidal mediators like
IL-12 and IFN-y to cytokines like IL-8, IL-17, IL-23 and IL-13 allows
the cancer cells to escape immune surveillance and utilize the sys-
tem for their own good (65). These imbalanced inflamed conditions
are governed by a variety of molecules that normally play significant
roles in cell signaling but become aberrantly induced in the chronic
inflammatory setting. This is exemplified by the ROS family of mol-
ecules: low ROS levels regulate kinase-driven pathways in response to
cellular stimuli such as nutrient deprivation and hypoxia (66), whereas
high acute ROS/RNS outbursts provide destructive power required for
microbial elimination. However, abnormal persistence of high ROS
levels results in oxidation of nuclear and mitochondrial DNA, pro-
teins and lipids, impairing their structure and function and driving
the aberrant expression and deregulation of oncogenic pathways (67).

One protein that plays a pivotal role in orchestrating alterations
in cellular oxidative and nitrative state is inducible nitric oxide
synthase 2 (NOS2). Unlike the two constitutively expressed NOS
enzymes (eNOS and nNOS), which are not thought to be associated
with immune regulation, the inducible isoform produces NO for pro-
longed periods and at varying levels. Such variable release dictates
NO-modulated microenvironments within a tissue, with many differ-
ent outcomes (68). Overproduction of NO can lead to the formation of
8-nitroguanine, an indicator of nitrative DNA damage. Both 8-nitro-
guanine and 8-oxoguanine are formed in various inflammation-related
cancers and precancerous lesions in an NOS2-dependent manner.
Such nitrative and oxidative DNA damage can induce various types
of genome instability as well as epigenetic changes, underpinned by
tumor necrosis factor alpha (TNF-a) and IL-6 activities associated
with NF-xB and STAT3 regulation (69).

The deregulation of cyclooxygenase-2 (COX-2; also known as
prostaglandin synthase 2 or PTGS2), leading to increased abundance
of its principal metabolic product, prostaglandin E2, is an additional
characteristic of many inflammation-related malignancies. Similar
to NOS2, COX-2 is inducible, becoming detectable in many tissues
only after exposure to stimuli such as proinflammatory conditions.
Prostaglandin E2 promotes cell survival and proliferation and was
also linked to invasion and metastasis (70-72) in a COX-2-dependent
manner. Imbalanced COX-2 expression is mechanistically associated
with aberrations in the Wnt, NF-kB and TGF-f§ pathways, primarily
in monocytes but also in epithelial cells.

Further to the above signaling molecules that play a prominent
microenvironmental role in promoting carcinogenesis, secreted
cytokines and chemokines are of paramount importance in that pro-
cess. The impact of those ILs and chemotactic molecules is greatly
affected by their concentration gradient within a defined microenvi-
ronment, the identity of the secreting cells, the responding cells and
the tissue type. The classic, but rather crude, dichotomous classifica-
tion of this diverse group into pro- and anti-inflammatory cytokines
essentially recapitulates their respective association with cancer.
Among the proinflammatory cytokines, TNF-a, IL-6 and IL-8 have
been abundantly described in animal models and human tissues as
mediators of increased tumor growth, DNA damage, angiogenesis
and metastatic load (73). Conversely, anti-inflammatory effectors like
IL-10, IL-4 and TGF-f3 are often considered as antitumorigenic and
even tumor suppressors. However, in reality, the picture is much more
complicated. Thus, relatively low levels of TNF-a or IL-6 may lead
to immunoprotective and antipathogenic activities, whereas chronic
secretion of anti-inflammatory cytokines like IL-4 and IL-13 might
give rise to tumor-associated macrophages that can promote tumor
growth. In that regard, TGF-f3 is particularly notorious for its dual role
in carcinogenesis, inhibiting tumor growth at initial stages but acting
as a driver of malignancy in advanced and metastatic stages (74). The
growing field of non-coding RNA molecules, presently represented
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primarily by microRNAs (miRs), adds another tier to the molecular
interactions underpinning the inflammatory response. The expression
of these non-coding RNA molecules is often induced or repressed in
response to different stimuli. miRs typically reduce the translation,
and often also the steady state levels, of the messenger RNA species
targeted by them, in both cases leading to reduced amounts of the
corresponding proteins. Numerous miRs have been reported to par-
ticipate in innate as well as adaptive immune responses, coordinating
and fine-tuning the expression of many cellular components of both
arms (75,76). Specifically, miRs such as miR-155, miR-196, miR-
210, miR-21 and miR-125b were shown to mediate inflammation-
related carcinogenesis by multiple mechanisms. Essentially all major
signaling pathways involved in the chronic inflammatory response,
including NF-kB, activator protein 1 and STAT3, are associated with
subsets of regulatory miRs. Notably, many of those miRs were impli-
cated in a causative role in infectious agent-induced cancer, involving
bacteria and viruses. miR-155, for instance, is a central regulator of
the immune system and is highly pertinent to many of the lymphoid
tissues. Deregulation of miR-155 results in malignant development;
indeed, miR-155 is overexpressed in many cancers, including those
of the hematopoietic lineages (77). miR-21, another prominent highly
expressed in a broad set of tumor types, was implicated in an epige-
netic switch connecting NF-xkB, miR-181b-1 and STAT3 to promote
cell transformation (78) as well as in the context of oncogene addic-
tion (79). Furthermore, miR-21 was also suggested to be responsible
for the aberrant TGF-3 response that contributes to the induction of
cancer-associated fibroblasts (80).

WT p53 protects against inflammatory stress

Inside this intricate molecular network, p53 is caught in the cross fire,
responding to the oxidative and nitrosylative stress (81). The cross
talk between p53 and cellular ROS is characterized by a remark-
able dualism. On the one hand, under conditions of severe stress,
pS53 employs high levels of ROS as a downstream tool to execute its
apoptotic agenda (82). However, in non-stressed cells or upon mild
stress, pS3 monitors ROS levels and maintains them in tight control,
thereby preventing excessive ROS accumulation that might endanger
genome integrity. In this capacity of guardian of redox homeostasis,
pS3 acts as an antioxidant transcription factor elevating the expres-
sion of genes like ALDH4, PIG12, sestrin 1 and 2 and GPX1, all of
which restrict ROS levels and prevent endogenous oxidative stress
(82-85). In that context, NO produced by NOS2 in the colon tissues
of ulcerative colitis patients have been shown to be responsible for
p53 activation (86). Such an accumulation of p53 can actually lead
to a negative feedback loop in which p53 protects from NO-induced
DNA damage (86). Notably, nitrosylation and oxidation of tyrosine
and cysteine residues are detectable in cells subjected to inflamma-
tion-induced stress (87,88). The interaction between p53 and COX-2
probably also contributes to prevention of tumorigenesis. Even though
Cox-2 is induced by p53-mediated activation, its induction leads to
antiapoptotic mechanisms that abate cellular stresses associated with
p53 induction (89). COX-2 may benefit from p53 downregulation
and mediate cell proliferation as well as differentiation of stem cells
(90). Moreover, in many malignant tissues, COX-2 overexpression is
enabled in the wake of p53 mutations, implying that such mutations
provide a possible escape mechanism of the COX-2 pathway from its
normal physiological regulation; furthermore, there appears to be an
interplay between this pathway and specific mutant forms of p53 (91).

The best-documented connection of p53 to the miR world is through
the miR-34 family, extensively shown to be directly transcription-
ally upregulated by p53 and to contribute to p53-mediated biological
effects such as apoptosis, G, arrest and senescence (92). Interestingly,
miR-34 levels were found to decrease in lungs of mice expressing a
combination of mutant K-Ras and mutant p53, in association with a
severe inflammatory response subsequent to tumor development; in
parallel, oncogenic miRs such as miR-155 and miR-21 became upreg-
ulated (93). Furthermore, miR-34 was able to prevent both tumor



development and the infiltration of immune cells when animals were
infected with a lentivirus driving miR-34 expression (93).

Hints of a potential link of p53 with inflammation were already
provided very early on, when the tight relationship between several
viruses and p53 was uncovered. Of note, viruses are very common
instigators of inflammation. Infection with a variety of viruses can
elicit a protective cellular response, wherein the cell is driven to exit
the cell cycle or undergo apoptosis as a preemptive measure aimed
at preventing the production and release of mature infectious viral
particles. p53 is a key player in this protective response, and its loss
can often facilitate effective viral replication. As a countermeasure,
several virus families have evolved molecular mechanisms that inca-
pacitate pS3 and get it out of their way, often through the action of
viral-encoded proteins that bind and inactivate p53. In fact, the dis-
covery of p53 was due to its direct targeting by such viral protein,
the SV40 large T antigen (1). In addition, various viral proteins can
achieve a similar outcome by inactivating downstream targets of
pS3. Although such mechanisms do not necessarily imply a direct
pS3-inflammation association, more recent work demonstrated that
p53 is an active participant in the type I IFN antiviral defense mecha-
nism (94). IFN-inducible genes such as IRF9, IRFS, ISG15 and TLR3
were identified as direct transcriptional targets of p53, indicating its
key role in fighting viral infection. An even broader link between p53
and the innate arm of the immune system is manifested by its abil-
ity to regulate many members of the Toll-like receptor (TLR) family
(95,96). Thus, in both T-lymphocytes and alveolar macrophages, a set
of TLR genes is stimulated and activated in a p53-dependent manner,
in a process that appears to be unique for primates. This might under-
pin a positive feedback loop, wherein p53 is stabilized due to vari-
ous types of stress; as a consequence, TLR levels will also increase,
resulting in their ligands generating an inflammatory response that
may push p53 levels even higher (96). This and additional findings
(97) reveal that, in the context of antipathogen defense, p5S3 can mod-
ulate inflammatory processes to the benefit of the host.

Evidence for an inflammation-antagonistic effect of p53 could be
deduced from the analysis of p53 knockout mice, which displayed
severe outbursts of autoimmune pathologies like arthritis and diabe-
tes (98—100). Strikingly, a considerable fraction of these animals die
before any evidence of cancer is detected; this is mostly attributable to
severe inflammatory manifestations such as abscesses, gastroenteritis
and myocarditis (101), underscoring the crucial impact of p53 on the
proper regulation of innate immunity.

The complex interplay between cellular senescence and cancer
and the pivotal role of p53 in cellular senescence have been exten-
sively studied in recent years (reviewed in refs 102—-104). A recent
study (105) tries to settle the apparent quandary created by the fact
that senescence, an anticancerous process in its essence, coexists typi-
cally with chronic inflammatory signaling that might promote cancer.
The authors describe a novel low-grade response dubbed ‘parainflam-
mation’, which is triggered by senescence in the colonic epithelium
and does not rely on the recruitment of typical inflammatory cells.
In the presence of functional p53 and its target, p21, this type of
inflammation does not elicit neoplastic consequences; however, p53
loss converts the parainflammatory response into a tumor-promoting
mechanism, resulting in accelerated tumor growth and invasion. This
further highlights the importance of p53 in ensuring that inflammatory
responses are properly contained.

p53 and NF-xB: a context-dependent interaction

At large, both p53 and NF-kB are transcription factors that date back
to early invertebrates. Both serve as major cellular hubs collecting a
variety of signals and translating those into a transcriptional outcome.
Although p53 is supervising intrinsic stimuli such as DNA damage
and hypoxia that threaten the fidelity of proper cell division, NF-kB
is mostly entrusted with responding to extrinsic stimuli frequently
bound to defend against pathogenic insults, where its activation is
tightly involved with immune regulation.

Caught in the cross fire

In the context of cancer, the rather different modes of action of p53
and NF-kB position them on two opposite sides of the barricade. The
fact that deregulated cell clones produced as a consequence of stress
are eliminated through induction of cell cycle arrest, apoptosis and
senescence, underlies a significant part of p53’s tumor suppressive
capabilities, although p53’s contribution to metabolic homeostasis
also appears to be crucial in that regard (106). On the other hand,
part of the basic agenda of NF-kB upon identification of an infec-
tious attack is geared toward accelerated division of immune cells, in
order to augment clonal selection and thereby enhance the specificity
and overall extent of the protective response. It is not surprising then
that when this response gets out of balance, it might acquire cancer-
promoting features (107).

The cross talk between NF-xB and WT p53 is typically described
as a rivalry between two forces trying to navigate the affected cell
toward opposite fates. One of the central battlefields is cell metabo-
lism. For example, NF-xB transcriptional activity will favor increased
glucose uptake as a fundamental prerequisite for rapid cell prolifera-
tion, whereas p53 will act to slow down glucose uptake (108). Such
mutually exclusive roles have probably favored an evolutionary pro-
cess leading to a counter-dominant negative relationship between
NF-kB and p53, enabling each of them to repress the other in par-
ticular biological contexts. As an undesirable byproduct, this might
cause the cell to become more vulnerable to carcinogenic processes
when p53 is inhibited by excessive NF-kB activity, whereas exces-
sive NF-kB repression by p53 might potentially spell immune defi-
ciencies. Several molecular mechanisms can control and tilt the p53/
NF-xB balance, depending on the nature of the transduced signal. For
example, the IxkB kinase (IKK) complex activates NF-kB by phospho-
rylating its inhibitor IkB, which otherwise retains NF-kB mostly in
the cytoplasm and restricts the transcriptional activity of those NF-kB
molecules that do manage to get into the nucleus. However, IKK can
also phosphorylate p53 on specific residues, making it susceptible to
ubiquitylation by B-TrCp and subsequent degradation by the proteas-
ome (109,110). In an additional mechanism, both transcription factors
compete for common cofactors (111). Thus, the ability to induce rapid
transcriptional responses is highly dependent on inducible changes in
the chromatin; this renders histone modifiers such as the acetyltrans-
ferases p300 and CBP crucial components in the efficient initiation of
signal-induced transcription. The availability of the p300 protein is
limited, providing an opportunity for a competition between p53 and
NF-xB whose outcome is dictated by the immediate transcriptional
needs of the cell (109). Overall, such competitive interactions have
contributed to the common perception of the pS3-NF-xB cross talk as
a mutually exclusive antagonistic relationship.

However, the picture is far from being as simplistic as that. In fact,
a growing body of evidence supports the existence of mutual interac-
tions where p53 and NF-xB actually join forces rather than antagonize
each other. This is perhaps not all that surprising: although NF-kB is
commonly portrayed as a potent inhibitor of cell death, it can actually
promote cell death under specific conditions (112-114). Conversely,
although p53 is well known for its proapoptotic features, it is also able
to promote cell survival in a variety of settings (115-117). Hence, the
early finding that NF-kB can sometimes be required for p53-mediated
apoptosis (117), although at first glance counterintuitive, is perhaps
not as unexpected as may have seemed initially.

The DNA damage response is a good example of how the cellu-
lar perturbations induced by genotoxic stress might recruit NF-xB to
serve as a downstream effector of the Ataxia telangiectasia mutated
complex, thereby bringing it to play in the ‘homecourt’ of p53
(118,119). Thus, in response to double-strand DNA breaks, p53 and
NF-kB are coordinately activated and contribute together to the result-
ant changes in gene expression (120). It is still unclear whether p53
deflects NF-xB away from its proinflammatory course toward activi-
ties required for dealing with the genotoxic insult. p53 and NF-kB
also cooperate in additional settings, such as in the induction of onco-
gene-induced senescence, where NF-xB actually displays features of
a non-cell-autonomous tumor suppressor and promotes the clearance
of oncogene-expressing cells by the immune system (121).
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A possible positive link between p53 and NF-kB may occur through
the pS3-induced death domain protein complex, which is considered
a downstream effector with a pivotal role in determining the cellu-
lar response to genotoxic stress. p53-induced death domain protein
expression is upregulated by p53 and is positively correlated with
pS3-dependent cell death (118). At the same time, it forms an axis
together with receptor interacting protein 1 and NF-kappa-B essen-
tial modulator upstream of NF-kB signaling as part of the NF-xB
response to DNA damage; in several p53-induced death domain
protein-deficient cellular systems, the NF-kB response to genotoxic
stress was shown to be defective (122). The cross talk between p53
and NF-xB may also be modulated by a common polymorphism in
the human 7P53 gene, resulting in either proline or arginine (31,123)
at position 72 of the p53 protein. Transgenic mice knocked in with
the proisoform displayed increased NF-kB-dependent inflammatory
gene expression, with increased chromatin association of the p65
subunit of NF-kB and enhanced response to an lipopolysaccharide
challenge (123). Figure 1 depicts the ambivalent relationship between
pS3 and NF-kB. It is likely that these two ancient complementary
cellular mechanisms have been trained and adjusted throughout evo-
lution to respond to the complex ensemble of signals in a manner that
depends on their nature, extent and origin of those signals. Both p53
and NF-xB follow rigorous lines of regulation, which, when com-
promised, might result in carcinogenic effects; chronic inflammatory
conditions are just one facet of such compromised regulation.

The extended p53 family: other members, isoforms and
mutants and their inflammatory links

An increasing number of studies have clearly established that besides
the full-length ‘classical’ WTp53, other p53 isoforms as well as p53-
related proteins are fundamental and important components of this
pathway (124,125). Both animal and cellular models suggest roles
for these proteins in all biological activities regulated by WTp53, as
well as in many additional activities (126). The 7P53 gene, which
consists of 11 exons, can give rise to a multitude of isoforms owing

to alternative promoters, alternative splicing and multiple transla-
tional initiation sites (reviewed in ref. 127). In partial analogy with
what has previously been found for the pS3-related proteins p63 and
p73 (see below), the p53 isoforms can be divided into subcategories,
depending on whether they retain sequence-specific DNA binding and
whether they retain at least part of the transactivation domain (TAD).
Several of the p53 isoforms can exert dominant negative effects over
coexpressed WTp53, thereby promoting oncogenic activity. It is thus
reasonable to expect that at least some of them might also be capable
of driving increased inflammation. Evidence in support of such con-
jecture was provided by the analysis of mice expressing A122p53;
this N-terminally truncated mouse p53 is analogous to A133p53, one
of the most common human p53 isoforms that is overexpressed in a
variety of human tumors. The A122p53 mice display a wide range
of inflammatory manifestations, including lymphocyte aggregates
in different organs and numerous inflammatory pathologies such
as hepatitis, vasculitis and augmented Peyer’s patches in the bowel
(128). This p53 isoform was further shown to play a significant role
in autoimmune conditions, where it triggers increased proinflam-
matory reaction owing to STAT1 activation (129). Interestingly, the
inhibitory effects of different isoforms toward WTp53 were proposed
to be modulated by external factors such as bacteria: interaction of
H.pylori with human gastric epithelial cells induced the A133p53,
A153p53 and A1160p53 isoforms, which were found to inhibit p53
while inducing NF-kB and increasing survival of infected cells (130).

In addition to the numerous p53 isoforms, the extended p53 family
includes also two p53 paralogues, p63 and p73 (131). These proteins,
which were reported to precede p53 in the evolutionary track going
back to invertebrate species (132), share many structural and bio-
chemical features with p53 and are capable of binding to p53 respon-
sive elements via their DNA-binding domains, whose amino acid
sequences are remarkably similar to the p53 DNA-binding domain.
Besides sharing overlapping functions with p53, reinforcing its tumor
suppressor agenda, p63 and p73 each also possess unique biochemical
activities and biological functions, including prominent roles in differ-
entiation and development. This repertoire is further enlarged through

IKK, AKT

Extrinsic
stress

Intrinsic
stress

ATM, PIDD

Fig. 1. The complex cross talk between p53 and NF-xB. Both transcription factors respond to a set of activating signals that accumulate and determine the
interaction that varies from profound corepression to mutual activation, highly dependent on the cellular context.
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the production of a diversity of alternatively initiated and alternatively
spliced isoforms of each protein, which are often more prominent
that the p53 isoforms and therefore have been discovered early on.
p73-deficient mice tend to develop tumors spontaneously, but on top
of that they also display deregulated inflammatory responses, mani-
fested by augmented neutrophil production and infiltration (133).
The full-length, TAD-containing p73 also activates IL-4R alpha and
regulates cytokine signalling in a p53-independent manner (134).
TAD-deficient ANp73 is overexpressed in precancerous lesions in the
esophagus associated with gastric reflux and, importantly, is induced
by the proinflammatory cytokines IL-1f3 and TNF-a in an IKK-
dependent manner (135). Like the p73 gene, the p63 gene also con-
tains a separate promoter giving rise to TAD-deficient ANp63, which
can act as a dominant negative inhibitor. Interestingly, IKKB—the
major NF-xB-activating kinase—interacts with ANp63 and induces
it degradation and, by doing so, promotes stress-dependent cell death
(136). On the other hand, ANp63a was shown to form a complex with
the c-Rel subunit of NF-kB, which binds and represses the promoter
of the p53 hallmark gene p21 in both human squamous cell carcinoma
cells and normal keratinocytes; the resultant reduction in p21 expres-
sion promotes uncontrolled proliferation (137). The ANp63a.:c-Rel
complex was later reported to be induced by proinflammatory TNF-a.,
also inactivating TAD-containing p73 functions and enhancing cell
survival (138). The cross talk of WTp53 and other isoforms and fam-
ily members with inflammation is depicted in Figure 2.

TP53 gene mutations occur very frequently in human tumors
(TP53 IARC database; http://p53.iarc.fr/). Initially, this was believed
to contribute to cancer merely by abrogating the tumor suppressive
functions of WTp53. However, it was then found that the majority
of cancer-associated 7P53 mutations actually result in production
of full-length mutant proteins. These mutant p53 proteins, typically
harboring only a single amino acid substitution, accumulate in the
tumor cells and often reach highly elevated levels. This gave rise to
the conjecture that such mutant p53 proteins may gain new oncogenic
functions, as indeed proven by subsequent studies. To date, it is well
accepted that mutant p53 (mutp53) gain of function is tightly involved

Caught in the cross fire

in a wide range of cancer development aspects including inhibition of
cell death, promotion of genomic instability, cell invasion and abnor-
mal metabolism (139,140). Therefore, it is not surprising that mutp53
gain of function was also suggested as a possible mechanism driving
chronic inflammation toward cancer.

Increased sensitivity to cigarette smoke, mediated by upregulation
of immune response signature genes like MIP-10/f3, was observed in
mice harboring a temperature-sensitive p53 mutation, which endows
the mutant pS3 with gain of function activities at body temperature
(141). An NF-xB:mutp53 connection was observed both in cultured
cells and in mouse models, suggesting that specific mutations in p53
not only abolish the anti-inflammatory properties of WT p53 but also
actively intensify and prolong the inflammatory response. For exam-
ple, elevated expression of CXCLS5, CXCL8 and CXCL12 was found
in cells expressing several p53 mutants, in conjunction with cell migra-
tion that was dependent on the p52/NF-kB2 subunit (142). Notably,
expression of NF-kB2 can be induced by various p53 mutants (143).
Additionally, NF-kB transcriptional activity was augmented by the
presence of mutp53 in cancer cells stimulated with TNF-o, whereas
depletion of endogenous mutp53 shifted the TNF-a response toward
a proapoptotic phenotype (144). Mechanistically, mutp53 seems to
join forces with p65 at consensus KB sites within the chromatin, pre-
sumably facilitating transcriptional activation by contributing its TAD
(145,146).

In that context, the role of p53 mutations may be significantly dif-
ferent when inflammation is a constant feature of the microenviron-
ment. Importantly, 7P53 mutations are a highly prevalent part of the
molecular sequence of carcinogenic events in the colon epithelium.
Strikingly though, in sporadic colorectal cancer, they are considered
the ‘last nail in the coffin’, associated with the transition of the tumor
toward an invasive, malignant state, whereas in colitis-associated
colorectal cancer, p53 mutations are often observed before any other
genetic alteration can be detected, suggesting a tumor-initiating role
in colitis-associated colorectal cancer versus a tumor-promoting role
in colorectal cancer (147,148). Notably, mutp53 was shown to aug-
ment and prolong NF-xB activity and intensify chronic colitis in

Fig. 2. p53 in inflammation. Significant reported molecular interactions of p53 and its derivatives affecting the inflammatory response.
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mice, exposing them to a high risk of developing invasive colon car-
cinoma (146). The fact that early mutations in p53 will occur readily
on the colitic background brings out the importance of this molecular
event in the context of inflammation (Figure 3). Another mechanism
linking gastric and hepatic inflammation to p53 mutations and NF-kB
is the upregulation of activation-induced cytidine deaminase, which
is induced either by TGF-f3 or by other proinflammatory cytokines
in an NF-kB-dependent manner (149). Activation-induced cytidine
deaminase, known to induce genomic instability and to increase
mutation probability during error-prone joining of double-stranded
DNA breaks, was shown to be aberrantly expressed in gastric epithe-
lial cells infected with H.pylori, resulting in increased rates of p53
mutations. Finally, several different p53 mutants can dramatically
affect the expression of the TLR family of genes, abolishing their
transcriptional response to stress and adding up yet another means
by which mutp53 enables the cancer cell to evade immune surveil-
lance (150).

p53 in non-epithelial cells

The field of p53 research has evolved throughout more than three dec-
ades, focusing almost exclusively on its cell-autonomous properties
as ‘guardian of the genome’ (14). Nevertheless, the finding that p53

Sporadic colon Colitic colon
cancer cancer
Normal Colitis
tissue
Y
/
Early Indefinite
adenoma dysplasia
Low-grade
dysplasia

mutations

Carcinoma

Invasion
Metastasis

Invasion
Metastasis

Fig. 3. The shift of p53 mutations in colitis-associated colorectal cancer.
Being a late mutational event in sporadic and familial colon cancer, the p53
mutation appearance is changed when chronic inflammation is a preceding
condition in the tissue, becoming an early event. Such mutations switch their
tumor-promoting properties to tumor-initiating properties, leading to colon
tumorigenesis through a different path.
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possesses a broader array of functions and is also deeply involved
in microenvironmental and inflammatory processes suggests possible
paracrine effects where p53 expression in a stromal or immune cell
may dictate epithelial cell fate and vice versa. Within cancer stro-
mal cells, p53 was suggested to exert paracrine activities that inhibit
tumor growth and delay malignant progression (151-153). It was
found that p21 is upregulated in the tumor-neighboring fibroblasts
in various malignant tissues and antiangiogenic p53 targets are also
overexpressed in such stromal components (154,155). Conversely, the
cancer cells that thrive under these potentially inhibitory conditions
may acquire abilities to abolish stromal p53 activity, either directly
or through pressure for selection of stromal cells with compromised
p53 function (156,157). Interestingly, and consistent with p53’s anti-
oxidant properties, pS3-deficient fibroblasts display accumulation of
oxidative products, alterations in glutathione synthesis enzymes and
upregulation of redox-regulated cytokines mediated via eNOS (158).
Such findings highlight the microenvironmental protective influence
conveyed by p53 in the bystander cells. A fascinating example for such
possible link in immune cells was demonstrated when lungs of p53~~
mice were found to display a genome-wide transcriptional induction
of NF-xB response element-enriched proinflammatory genes (97). It
was noted that in the p53~~ lungs, microbicidal activities and bacterial
clearance were enhanced specifically in p53-deficient neutrophils and
alveolar macrophages. Despite these protective elements, p53-defi-
cient mice remained more prone to lung injury and tumorigenesis,
implying that the absence of p53 in the epithelia overrides its absence
in the immune compartment.

The relative contribution of p5S3 within different tissues and organs
can be studied through the use of somatic bone marrow chimeras,
where lethally irradiated mice of either p53~~ or WTp53 background
are reconstituted with bone marrow of the inverse genotype. Such
chimeric model was used to study the recovery of kidneys from
ischemic injury (159). Mice lacking p53 only in their leukocytes sus-
tained severe injury similar to p53-null mice, whereas comparably
severe injuries were not observed in WTp53 mice. Lymphocyte p53
was suggested to promote an anti-inflammatory M2-like macrophage
polarization phenotype, associated with cytokine production. Such
cell type-specific linkage was also detected in the liver, another tis-
sue where chronic injury results in inflammation and fibrosis that is
limited by a p53-mediated senescence program (160). Cell-specific
p53 activities in hepatic stellate cells were shown not only to restrain
fibrosis but also to decrease epithelial tumorigenesis. Of note, the pS3
status of the hepatic stellate cells affected the macrophage polariza-
tion in the tissue, tilting it toward the M1 proinflammatory program
in the presence of WTp53 while favoring the M2 tumor-promoting
phenotype in the absence of p53 (161). This study highlighted a non-
cell-autonomous cross talk between p53 and NF-kB, extending this
ever-growing complex dual even more. A non-cell-autonomous inter-
play between p53 and NF-kB may also occur in the context of the
mutp53-NF-kB axis, as chimeric mice harboring mutp53 solely in the
bone marrow-derived compartment were more susceptible to DSS-
induced colitis than WT animals (146). Taken together, these studies
reveal that in addition to the well-documented cell-autonomous func-
tions of p53, p53-based intercellular communication can also contrib-
ute to tumor suppression, partly through modulation of inflammatory
responses.

Concluding remarks

Over the last decade, ample evidence for a solid link between p53 and
the inflammatory response has been accumulated. Chronic inflam-
mation has been acknowledged as a worldwide health problem; its
association with cancer is just part of a plethora of pathological conse-
quences, positioning anti-inflammatory treatments high in the priority
list of modern medicine. Keeping in mind the manifold recently dis-
covered physiological activities of p53, its involvement in the regula-
tion of inflammation is not surprising.

The general term ‘inflammation’ seems, however, too broad in
this context. Categorization into subtypes of inflammatory processes
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Fig. 4. A model for the mutp53:NF-xB interplay in the inflamed colon. The response of intestinal epithelial cells to stress in the form of chronic inflammation
is dictated by the p53 status. In WTp53 cells, both p53 and NF-kB will be activated but will operate opposing transcriptional profile. However, when p53 is
mutated, not only that NF-xB agenda is not interrupted, but it is tailwinded by the mutp53, presumably yielding a paracrine effect on neighboring stromal and

immune cells.

is inevitable when one aims to understand the exact nature of the
cross talk with the pS3 pathway. To illustrate this need better, it was
described herein that mutations in p5S3 may boost NF-xB activity
to prolong and intensify chronic inflammation and promote tumori-
genesis (Figure 4). Such interactions also take place in other overly
inflamed conditions, such as rheumatoid arthritis (162), where high
rates of p53 mutations are found in the synovial tissue. Unexpectedly
though, the increased chronic inflammation combined with the onco-
genic driving force of mutp53 do not suffice to push that tissue into
cancer. This simple example recapitulates the complexity of the
relationship between the extended p53 family and the multifaceted
inflammatory arm. In order to reap therapeutic benefits from this cross
talk, a deeper and more precise discrimination of inflammatory sub-
types and their specific interplay with different forms of p53 and p53
family members remains to be applied.
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